A s the immune system has evolved mechanisms to counter virus infection, viruses have evolved mechanisms to counter the immune system. These viral countermeasures not only illuminate processes important in restricting viral replication but also often provide new insights into regulatory mechanisms within the immune system.
Viruses with large genomes, such as the poxviruses, herpesviruses, and adenoviruses, are especially capable at interfering with immune defenses (reviewed in ref. 1) . These viruses use a wide range of countermeasures to immune defenses, with viruses of different types often targeting different processes, reflecting virus host-ranges and modes of replication. For example, many of the poxviruses, particularly those in the orthopoxvirus genus, including cowpox, variola, monkeypox, ectromelia, raccoonpox, and vaccinia viruses, employ a variety of countermeasures primarily targeting innate immune responses (reviewed in refs. 2 
and 3).
Cowpox virus is one of the most adept at these countermeasures, possessing more known cytokine-response modifiers than other poxviruses, as illustrated by its use of soluble secreted receptors to interfere with immune responses. In common with many poxviruses, it encodes receptors for cytokines such as tumor necrosis factor (TNF) and lymphotoxin (4, 5) IL-1␤ (6, 7), IFN-␥ (8, 9), IFN I (10, 11), ␤-chemokines (12) (13) (14) , and IL-18 (15) (16) (17) . However, whereas most poxviruses express only a subset of these receptors, cowpox viruses typically express each of them, including up to four different receptors for TNF, the CrmB, CrmC, CrmD, and CrmE proteins (18) (19) (20) (21) .
The full complement of cytokine receptors encoded by cowpox virus has not been determined. The largest group of homologous receptors encoded by cowpox virus are the four targeting TNF and lymphotoxin, prototypic members of the TNF superfamily, which includes at least 18 members, many of which have crucial roles in immune responses (reviewed in ref. 22) . The similarities among the poxviral and cellular TNF receptor (TNFR) suggest that the viral TNFR genes originated from their cellular counterparts (4, 5) , raising the possibility that cowpox virus may have acquired other members of the TNFR family. In this study, we show cowpox virus encodes one additional member, a soluble, secreted form of CD30, the receptor for CD153.
Methods
Cells and Viruses. Cowpox virus, Brighton Red strain (CPV-BR), vaccinia virus, Western Reserve strain (VV-WR), and recombinant viruses were grown in human osteosarcoma 143B cells. VTF7-3, vaccinia virus expressing the T7 RNA polymerase (23) , was provided by B. Moss (National Institutes of Health, Bethesda, MD).
Recombinant CPV-BR (A624) containing an inactivated vCD30 gene was constructed as follows. Plasmid p1890 was generated containing the Escherichia coli gpt gene encoding a xanthine-guanine phosphoribosyltransferase under the control of the vaccinia virus p7.5 promoter flanked by XmaI sites within a pGem7zf vector. The latter insert was derived by PCR from the template of pTK61-gpt (24) , provided by B. Moss. A SmaI fragment of p1890, containing the gpt gene cassette, was inserted into the repaired BspmI site in p1923, a pGEM7zf vector containing a 1.8-kb XbaI-ClaI fragment of CPV-BR DNA spanning the vCD30 gene, to create plasmid p1926. This SmaI fragment insertion disrupted the vCD30 gene by placing the gpt cassette about 40 bp downstream of the initiation codon. The intact vCD30 gene in the CPV-BR genome was replaced by the disrupted version in p1926 as described (24) .
Recombinant VV-WR (A632) containing the CPV-BR vCD30 gene was constructed as follows. Plasmid p2110 was constructed containing the vCD30 gene, including its predicted promoter and the ORF downstream of the vCD30 gene. The insert was derived by PCR from the template of p1649, a pGEM7zf vector containing a 4.3-kb EcoRI-ClaI fragment of CPV-BR DNA spanning the vCD30 gene. After cleavage with EcoRI and ClaI, the PCR product was inserted into EcoRI-ClaI-cleaved plasmid p1378, which is a pUC19 vector lacking the polylinker region except the HindIII site, where the HindIII J fragment of the VV-WR DNA is inserted. Plasmid p2110 was used to generate virus A632 by standard methods as described (25) .
Recombinant VV-WR (A593) was constructed to express the vCD30 protein fused to the Fc portion of human (hu) IgG1 (26) . The intact vCD30 gene was amplified from p1649 by PCR, cleaved with BspH1 and EcoRI, and inserted into NcoI-EcoRIcleaved pTM1 vector (27) to create plasmid p1784. The region encoding the Fc portion of huIgG1 was inserted in-frame with the 3Ј end of the coding region of the vCD30 gene by insertion of an SpeI-BglII fragment of p1783 (the Fc portion of huIgG1 as an Asp718-SpeI fragment in a pBluescript SK vector) into BglII-EcoRI cut p1784, to generate plasmid p1812. This plasmid was used to generate virus A593 as described (25) .
Recombinant VV-WR (A608) expressing a secreted version of the Fc portion of huIgG1 was constructed as described above, with plasmid p1882. The latter was generated by PCR from p1812 to delete all of the region encoding the vCD30 protein except for the signal sequence, which was retained upstream of the Fc portion of huIgG1 with an amino-terminal Flag epitope tag.
Sequence Analyses. DNAs of cowpox virus strain OPV 90͞2 (28) and cowpox viruses designated cat poxviruses 3 and 5, isolated from a cheetah and a cat (29, 30) , were provided by H. Meyer (Institute of Microbiology, Federal Armed Forces Medical Academy, Munich, Germany). Raccoonpox virus (strain V71-I-85A) DNA and the latter cowpox virus DNAs were used as templates for PCR to generate copies of the regions predicted to contain the vCD30 genes. The nucleotide sequence of the vCD30 gene of CPV-BR was determined from p1649.
Purification and Biotinylation of Recombinant Proteins. To prepare vCD30Fc fusion protein, 143B cells were coinfected with A593 and VTF7-3 viruses. After 16 hr the medium containing vCD30Fc was removed, clarified by centrifugation, and passed through a column of staphylococcal protein-A-Sepharose equilibrated with PBS containing 0.05% Tween-20. After washing with PBS containing 0.05% Tween-20, the vCD30Fc protein was eluted with 0.1 M glycine, pH 3.0. The eluate was neutralized with 1.0 M Tris, pH 9.0, and dialyzed overnight against PBS. huIgG1Fc was similarly purified after expression from virus A608. For use in flow cytometric analysis, each protein was biotinylated in 100 mM sodium bicarbonate buffer (pH 8.5) with sulfo-NHS-LC-biotin (Pierce) for 4 hr at room temperature. Excess biotin was removed by using a Centricon-10 centrifugal filter device (Millipore).
Immunoprecipitations of CD153 from Chinese Hamster Ovary (CHO)
Cell Lines. huCD153 was immunoprecipitated from CHO-CD153 cells surface-biotinylated as described (31) . Briefly, cell lysates were precleared with murine or human IgG (Sigma) and protein-A-Sepharose, then immunoprecipitated overnight with 2.0 g͞ml P3 (mouse IgG1 control antibody), anti-huCD153 mAbs M80 and M82, huCD30Fc (Immunex), huIgG1Fc, and vCD30Fc. After incubation with protein-A-Sepharose, proteins were washed at 4°C with lysis buffer containing, in succession, 600 mM NaCl, 300 mM NaCl, and 150 mM NaCl. Portions of samples were resuspended in 90 mM sodium phosphate buffer, pH 7.5, containing 1% SDS and 1% 2-mercaptoethanol, boiled for 5 min, diluted with a 200 mM sodium phosphate buffer containing 1.0% Nonidet P-40, and incubated 16 hr at 37°C, with or without 0.5 unit of N-glycosidase F (Boehringer Mannheim). Proteins from the equivalent of 0.5 ϫ 10 8 cells were resolved by SDS͞PAGE in 10% polyacrylamide gels, and transferred to Immobilon-P membranes (Millipore). Biotinylated proteins were detected by using streptavidin-conjugated horseradish peroxidase (HRP) and the ECL detection system (Amersham Pharmacia).
Flow Cytometry. CHO and CHO-CD153 cells were harvested by using 0.5 mM EDTA in PBS and resuspended in PBS containing 1% BSA and 20% normal rabbit serum. Peripheral blood mononuclear cells (PBMCs) were purified from heparin-treated blood by using a Ficoll-Hypaque gradient (Organon-Teknika).
PBMCs were plated at a density of 2 ϫ 10 6 cells per ml in RPMI medium 1640 (GIBCO͞BRL) containing 2% heat-inactivated FBS for 1 hr. Adherent cells were harvested and activated for 22 hr with 10 g͞ml Escherichia coli O111:B4 lipopolysaccharide (Sigma) in RPMI medium 1640 plus 10% heat-inactivated FBS. Cells were stained with 5 g͞ml anti-huCD153 (M80 or M82) or 2.5 g͞ml biotinylated vCD30Fc and phycoerythrin (PE)-conjugated goat-anti-mouse reagent (Caltag, Burlingame, CA) or PE-conjugated streptavidin (PharMingen). Isotype-matched antibodies (Dako) or huIgGFc were used as controls. Cells were analyzed by using a FACStar Plus flow cytometer and CELL QUEST software (Becton Dickinson).
Ligand-Binding Assays. A huCD30Fc fusion protein containing the entire extracellular portion of CD30 fused to truncated IgG1 heavy chain was constructed, expressed, and purified as described (32) . Transient expression of membrane-bound murine CD153 (CV1-muCD153) involved transfection of full-length muCD153 cDNA into CV1͞EBNA cells by using a pDC409 expression vector and standard procedures (32) . Equilibrium binding isotherms between vCD30Fc, huCD30Fc, and recombinant, full-length, cell surface-expressed muCD153 were determined by competitive inhibition with 125 I-vCD30Fc as described (4) . vCD30Fc was radioiodinated to a specific activity of 3 ϫ 10 15 cpm͞mmol with Iodo-Gen (Pierce) without significant loss of binding activity. Briefly, CV1-muCD153 cells were diluted 50-fold into carrier cells (Daudi) lacking CD153 and were incubated with a constant amount of 125 I-vCD30Fc in medium for 2 hr at 4°C in the presence or absence of increasing concentrations of specific inhibitors. Duplicate aliquots of each concentration were centrifuged through oil to separate bound and free 125 IvCD30Fc, and data were plotted using the assumption of singlesite competitive inhibition.
Results

Cowpox Virus Encodes a Soluble Secreted Protein Similar to Part of
the Ligand-Binding Portion of CD30. Sequence analysis of the genome of CPV-BR revealed a gene, vCD30, encoding a protein whose amino acid sequence shares 51-59% identity with conserved segments of the ligand-binding portions of both mouse and human CD30 (Fig. 1) . The sequence suggests that the primary product of the vCD30 gene is a 110-aa protein containing a signal peptide sequence and one potential O-linked glycosylation site (36) , both features consistent with secretion of the protein. The nucleotide sequence also suggests that the vCD30 (34, 35) . Boxed areas show regions of identity among the three proteins. In the region shown, the vCD30 protein shares 51% (31͞60) identity with human CD30, and 59% (35͞59) identity with mouse CD30.
gene possesses a promoter corresponding to the consensus sequence of viral late promoters (37) .
The vCD30 corresponds to only a short portion of the predicted ligand-binding region of mouse and human CD30, raising the possibility that the ORF identified in CPV-BR might be a truncated form of longer vCD30 genes present in other poxviruses. To address this possibility we examined the sequences of the vCD30 genes in three additional different natural isolates of cowpox virus and also one strain of raccoonpox virus, whose genome is comparable in size to that of cowpox virus (38) . Each of the cowpox virus strains examined has almost identical vCD30 ORFs, as does the GRI strain of cowpox virus (39) , whereas the raccoonpox virus lacks an intact vCD30 gene (GenBank accession nos. AF419543-419547). Thus, we have not found evidence of a viral gene encoding a longer version of vCD30.
To characterize the protein encoded by the vCD30 gene, the following two recombinant viruses were constructed: a cowpox virus (A624) containing a vCD30 gene inactivated by the insertion of the gpt gene; and a vaccinia virus (A632) containing the cowpox virus vCD30 gene under the control of its own promoter. Radiolabeled proteins secreted from cells infected with either one of these viruses, cowpox virus, or vaccinia virus, are shown in Fig. 2 . Insertion of the vCD30 gene into the vaccinia virus genome results in the production of secreted proteins of two types (Ϸ13 kDa and 14.3 kDa) that are not encoded by the wild-type virus. Proteins of both types are secreted from cells infected with the wild-type cowpox virus, but these are not secreted from cells infected with the cowpox virus A624, containing the interrupted vCD30 gene. Similar proteins were produced when epitope-tagged versions of the vCD30 gene were expressed by using vaccinia virus vectors (data not shown). Consistent with the nucleotide sequence data, these results suggest that the vCD30 gene encodes a late, secreted 13-kDa protein that may be modified posttranslationally to a form with a molecular mass of 14.3 kDa. First, the ability of vCD30Fc to bind either CD153 or other TNF family ligands was tested by use of cultures of CV-1͞EBNA cells on sterile glass slides transiently expressing recombinant type II membrane forms of each ligand. After incubation of these cells (30 min at room temperature) with either vCD30Fc or control cognate receptor͞Fc protein, the cells were washed twice with PBS, and then incubated with 125 I-labeled goat anti-huFc F(abЈ) 2 fragments. Bound radiolabeled antibodies were detected by slide autoradiography as described (32) . This assay showed that vCD30Fc binds specifically to cells expressing either human or mouse CD153, but none of 17 other TNF superfamily members tested, including human and murine forms of TNF, lymphotoxin-␣ (LT␣), lymphotoxin-␤ (LT␤), LT␣͞LT␤ complexes, and the ligands for CD40, 4-1BB, OX40, Fas, and CD27 (data not shown).
Second, the ability of vCD30Fc to bind CD153 expressed on the surface of CHO cells was examined by immunoprecipitation of surface-biotinylated CHO cells or CHO cells stably expressing high levels of huCD153 (CHO-CD153). M82 (anti-huCD153) mAb, huCD30Fc protein, and vCD30Fc protein each bound to biotinylated proteins of the expected molecular masses of CD153 (40-58 kDa) only in extracts of the CHO cells expressing CD153 (Fig. 3A) . These biotinylated proteins were not bound either by isotype control antibody or by huIgG1Fc. The heterogeneity in the electrophoretic mobilities of CD153 proteins is produced by different degrees of glycosylation of a 28-kDa polypeptide (32) . When immunoprecipitated proteins were deglycosylated with N-glycosidase F, the molecular mass of each of the biotinylated proteins precipitated by the anti-CD153 mAb (M82), the huCD30Fc, or the vCD30Fc protein was reduced to 28 kDa (Fig.  3A) , consistent with the interpretation that each of these proteins can specifically bind to CD153 on the surface of the CHO-CD153 cells.
Third, flow cytometry was used to test the ability of vCD30Fc to bind CD153 on the surface of CHO cells expressing CD153 and on primary monocytes. Anti-huCD153 mAb M82 and vCD30Fc bound equally well to the surface of CHO-CD153 cells, but not to the surface of control CHO cells (Fig. 3B) . vCD30Fc also bound specifically to the surface of human monocytes which express low levels of CD153 (Fig. 3C) .
To quantify the equilibrium binding of vCD30 and huCD30 to murine CD153, we performed competitive inhibition assays using transiently expressed recombinant murine CD153 in CV1͞ EBNA cells and radioiodinated vCD30 ( 125 I-vCD30Fc) protein (Fig. 4) . Unlabeled vCD30Fc and huCD30Fc each specifically and completely inhibited binding of 125 I-vCD30Fc to mouse CD153 in a dose-dependent manner, with the viral receptor showing reproducibly higher affinity for the murine ligand (K i for vCD30Fc ϭ 0.5 nM; K i for huCD30Fc ϭ 2.5 nM), consistent with the fact that rodents are the natural hosts for cowpox virus.
Discussion
This study has shown that cowpox virus encodes a soluble secreted version of CD30, which binds specifically and with high affinity to CD153. This protein is the fifth member of the TNFR family encoded by cowpox virus (Fig. 5) , the only virus known to encode this many TNF receptors. The conservation of these different receptors suggests that cowpox virus derives an advantage from the expression of each of these five receptors during infections in vivo.
The structure of the vCD30 protein is similar to that of the other viral TNFR family members, except that the latter resem- ble almost all of the cysteine-rich domains (CRD) in both their sequences and the organization of component structural modules (40) , whereas the vCD30 resembles only a small portion of either mouse or human CD30 (Fig. 5) . Our results show that the vCD30 specifically binds human and mouse CD153, suggesting that additional components of the CRDs similar to those present in mouse and human CD30 are not required for CD153 binding. This interpretation is consistent with crystallographic studies of TNF ligand͞receptor complexes, which show two main contact regions involving receptor residues corresponding to those in the three structural modules (A1, B2, A1) in the second and third CRDs (reviewed in ref. 41 ). These three modules correspond to those present in vCD30 (Fig. 5) . Thus, vCD30 may be viewed as a structurally minimized CD153-binding protein. The vCD30 and the viral TNFRs also each contain regions similar to the pre-ligand-binding assembly domains (PLADs) of cellular re- ceptors (42) (43) (44) , suggesting that these viral TNFR members may be capable of forming both heterotypic and homotypic receptor complexes with themselves and cell-surface receptors. Whether this capacity is important for the function of viral TNFR family members remains to be determined.
CD30, originally identified as a cell-surface antigen and clinical marker of Reed-Sternberg cells of Hodgkin's disease (HD), is also expressed at low levels on 3-31% of human peripheral blood T cells (mostly CD8 ϩ ), as well as on resting murine B cells, macrophages, and natural killer (NK) cells (45) (46) (47) (48) (49) . Activation or viral transformation increases CD30 expression on B and T cells, including ␥␦ T cells (50, 51) . CD153 is expressed on activated T cells, monocytes and macrophages (32) , eosinophils (52) , neutrophils (53) , and both normal and malignant B cells (54) . Therefore, both CD30 and CD153 are expressed on cells expected to be present at the site of a poxvirus infection. Presumably, vCD30 interferes with CD30-CD153 interactions among some of these cells.
The biological functions of CD30 and CD153 are not fully understood. One important role is in costimulation of B and T cell responses. CD153 is costimulatory with IL-4 and IL-5 for mouse B cell proliferation and immunoglobulin secretion, and with IL-2 and IL-5 for antigen-specific responses (48) . Signaling through CD30 enhances IL-5 production in CD30 ϩ cytotoxic T lymphocytes (35) , and it costimulates T cell proliferation in response to CD3 crosslinking (55) . Conversely, CD153 inhibits constitutive and CD40L-induced I gene transcription by human B cell lines (56) , and B cell CD153 engagement by CD30 ϩ T cells inhibits isotype class switching and antibody production (57) (58) (59) . Despite the lack of death-effector domains, CD30 may play a role in apoptosis of activated CD8 T cells after cessation of TCR signaling (60) . However, while these in vitro studies indicate a role for CD30-CD153 interactions in both B and T cell activities, the CD30-deficient mouse model has provided controversial evidence for defects in B or T cell function (61) . Although T cell negative selection appeared to be impaired in CD30-deficient mice (61) , subsequent studies suggest that negative selection can proceed normally in the absence of CD30 (62) . Meanwhile, other in vivo studies, involving mouse models of autoimmunity, have shown that blocking CD30 ligand͞receptor interactions appears to reduce disease severity (K. Mohler, personal communication).
The presence and conservation of the poxvirus vCD30 gene strongly suggests that vCD30 provides some advantage to cowpox virus in vivo. As noted, cowpox virus is known to use soluble secreted receptors to target a specific subset of cytokines, including IL-1, TNF, LT-␣, IL-18, ␤-chemokines, and both type I and type II IFNs, all of which are major contributors to antiviral immune responses. The inclusion of CD153 within this highly select group suggests that CD153-mediated processes play a significant role in antiviral processes.
The exact role of vCD30 in countering antiviral processes has yet to be determined. One potential antiviral process involving CD30 is the interaction between CD153 and CD30 on ␥␦ T cells, which may be providers of an important link between innate and acquired immune responses (reviewed in refs. 63 and 64) . ␥␦ T cells play a significant role in protection against infection with vaccinia virus, in either the presence or the absence of an adaptive immune response (65) (66) (67) . Although ␥␦ T cells constitute less than 10% of peripheral lymphoid T cells, they are the major T cell components of the skin, intestinal epithelium, and pulmonary epithelium (reviewed in ref. 64 ). Consequently, ␥␦ T cells are likely to be one of the most abundant CD30-expressing cells in the immediate vicinity of virus-infected cells during the initial phase of the infection. Importantly, CD30 enhanced CD3-induced expression of a variety of cytokines, including IL-4, IFN-␥, IL-8, and the ␤-chemokines I-309 and MDC, by ␥␦ T cells (51) . Thus, CD30-CD153 signaling between ␥␦ T cells and neutrophils or activated macrophages may be an important factor in the development of immune responses to virus infection, and consequently one of the targets for vCD30. A second potential antiviral process that may be targeted by vCD30 is the ligation of CD153 on neutrophils, which, by reverse signaling, can initiate a rapid oxidative burst and the induction of IL-8 production (53) .
In addition to the implications for virus-host interactions, the existence of vCD30 has broader implications for the role of CD30-CD153 interactions in health and disease. Elevated levels of cell surface expression of CD30 and shed soluble CD30 are often symptomatic of a variety of diseases, including Hodgkin's lymphoma (45) , several non-Hodgkin's lymphomas (46) , embryonal carcinoma (68) , rheumatoid arthritis (69, 70) , systemic lupus erythematosus (71), systemic sclerosis (72), atopic dermatitis (73), Wegener's granulomatosis (74) , and Omenn's syndrome (75) . Elevated levels of CD153 are found on various hematopoietic malignancies (76) ; and infections with EpsteinBarr virus (77), hepatitis B virus (78) , and HIV (79) . Signaling through CD30 activates HIV gene expression in latently infected CD4 ϩ T cells (80, 81) . However, in many of these instances it has been unclear whether CD30-CD153 interactions contribute to the disease. The finding that a virus may gain an advantage from secretion of a soluble version of CD30 from virus-infected cells suggests that inhibition of cellular CD30 signaling has a significant impact on the immune response.
Thus, viral genomics again illuminates crucial molecular components of the immune system, adding new significance to CD30͞CD153 interactions. These results also suggest that CD30 agonism may be useful for reducing severity of viral infections, while CD30 antagonism may be of therapeutic value in the treatment of autoimmune disease. In fact, the early discovery of poxvirus-encoded soluble TNFRs (4) presaged the use of soluble cellular TNFRs in the treatment of rheumatoid arthritis.
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